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The feasibility to control the gas concentration and temperature distribu-
tions in a semiconductor process chamber by measuring them was inves-
tigated. Gas concentration and temperature distributions for various flow 
rates were measured with the computed tomography-tunable diode laser 
absorption spectroscopy (CT-TDLAS). The infrared absorption spectra of 
multiple laser paths passing through the measured area were collected and 
the distributions of methane concentration and temperature in the chamber 
were reconstructed with the computed tomography (CT) calculations. The 
measured results indicated that the distributions can be independently 
controlled by measuring with the CT-TDLAS and adjusting the flow rates 
and the susceptor temperature. 






With increasing integration densities of semiconductor devices, the fabrication processes have become more 
and more complicated. For example, the dry etching [1-5] plays important roles in fabricating the fine structures 
of integrated devices like three-dimensional NOT-AND flash memories or fin-type field effect transistors. On 
this process, several kinds of reactive molecules, ions, and electrons radically collide with each other in gas and 
plasma phase. To achieve the target structures, the precise tuning of process parameters including gas flow rates, 
pressure, temperature, and radiative frequency power is critical. However, determining the optimal parameters 
for such complex process is quite difficult, and the condition in the chamber can drift during the process or run-
to-run repetitions [6, 7]. The virtual metrology using large scale statistical data processing [8-11] have been 
utilized as a method to determine the parameters. However, the best way is to measure conditions inside the 
chamber and adjust process parameters in-situ. In-situ measurements for concentration of gas species [12-14] 
or plasma radicals [15, 16] in etching chambers using mid-infrared laser spectroscopy have been reported.  
Semiconductor wafer yield is directly affected by spatial gas distributions [17, 18]. The distributions can be 
measured in-situ with computed tomography-tunable diode laser absorption spectroscopy (CT-TDLAS) [19]. 
In this method, the infrared absorption spectra for multiple laser paths passing through the measured area are 
collected. The spatial distributions of gas concentration and temperature are reconstructed with computed to-
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mography (CT) calculations from the collected spectra. This method has been adopted for analyses of combus-
tion fields [22-27], vehicle engine exhausts [29-32], and diagnosis of an aero-propulsion engine [33]. In previ-
ous works, the CT-TDLAS was applied to measure methane (CH4) concentration and temperature distributions 
in a semiconductor chamber [34, 35]. The measured results clearly showed that the distributions were varied 
according to the locations of CH4 feeding ports and heater blocks on the susceptor. However, the experiments 
were made under the fixed gas flow rates. If the distributions can be varied by changing the gas flow rates, the 
control of the distributions by adjusting the gas flow rates is possible.  
In this work, the feasibility to control the concentration and temperature distributions in the semiconductor 
chamber by measuring them with the CT-TDLAS was investigated. CH4 concentration and temperature distri-
butions were measured inside the chamber for various flow rates, and the possibility to control the distributions 
was discussed. To focus on the feasibility study, the gas species and the pressure inside the chamber were 
limited in the experiments. The paper is organized as follows. In section 2, the theoretical background of the 
CT-TDLAS is described. In section 3, the experimental setup including the chamber structure and gas flow 
system is explained. In section 4, the distributions for various flow rates under fixed conditions of CH4 concen-
trations injected from the inlet ports and the susceptor temperature were simulated with the computer fluid 
dynamics (CFD). The CT algorithm was applied to the simulated distributions to examine the reproducibility 
and limitation of the CT. In section 5, CH4 was actually streamed to measure the concentration and temperature 
distributions in the chamber under the same conditions. Based on the results, the feasibility to control the con-
centration and temperature distributions in the semiconductor chamber was discussed. 
2. Theoretical backgrounds 
2.1 Basics 









where 𝐼𝐼0 and 𝐼𝐼 are incident and transmitted light intensity, 𝐶𝐶 is the path length, 𝐶𝐶 is the pressure, 𝑆𝑆𝑗𝑗(𝑇𝑇) is the 
absorption line strength of transition 𝑗𝑗 at temperature 𝑇𝑇, and 𝐺𝐺𝑣𝑣𝑗𝑗 is the line broadening function. The absorb-
ance is proportional to the concentration, and the absorption line strength of each transition has different tem-
perature dependence. Therefore, by measuring the spectrum including more than two absorption wavelengths, 
concentration and temperature of the gas are simultaneously determined [37-41]. 
In the CT-TDLAS, multiple laser paths are intersected with each other in the measured area. The integrated 
absorbance for each path 𝐴𝐴𝑝𝑝
(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)(𝜆𝜆)  (𝑝𝑝 is the path index) is measured by scanning the laser wavelength. On 
the other hand, when the concentration and temperature distributions are given, the integrated absorbance can 
be calculated: the distributions of concentration 𝐶𝐶(𝑥𝑥,𝑦𝑦) and temperature 𝑇𝑇(𝑥𝑥,𝑦𝑦) at a grid (𝑥𝑥,𝑦𝑦) are approxi-
mated in the form of polynomials as 
𝐶𝐶(𝑥𝑥,𝑦𝑦) = �𝑎𝑎𝑙𝑙𝑚𝑚𝑥𝑥𝑙𝑙−𝑚𝑚𝑦𝑦𝑚𝑚,
𝑙𝑙>𝑚𝑚
  (3) 
𝑇𝑇(𝑥𝑥,𝑦𝑦) = �𝑏𝑏𝑙𝑙𝑚𝑚𝑥𝑥𝑙𝑙−𝑚𝑚𝑦𝑦𝑚𝑚
𝑙𝑙>𝑚𝑚
.  (4) 
Here 𝑙𝑙,𝑚𝑚 are the polynomial order. Twelfth-order polynomials were employed in this study. The integrated 
absorbance 𝐴𝐴𝑝𝑝
(𝑐𝑐𝑚𝑚𝑙𝑙)(𝜆𝜆) over path 𝑝𝑝 is calculated from 
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𝐴𝐴𝑝𝑝
(𝑐𝑐𝑚𝑚𝑙𝑙)(𝜆𝜆) = � 𝐶𝐶(𝑥𝑥,𝑦𝑦)𝛼𝛼�𝜆𝜆,𝐶𝐶,𝑇𝑇(𝑥𝑥,𝑦𝑦)�𝑑𝑑𝑙𝑙
(𝑥𝑥,𝑦𝑦)∈𝑝𝑝
, (5) 
where 𝛼𝛼(𝜆𝜆,𝐶𝐶,𝑇𝑇) is the absorbance per unit concentration per unit length that is referred from the database 
prepared in advance. The details of the database are described in Ref. [35]. The distributions of 𝐶𝐶(𝑥𝑥,𝑦𝑦) and 








is minimized.  
2.2 Measures for rapid calculation 
Rapid processing of the CT calculation is essential to control the distributions in the chamber from the measured 
results. The following describes the practical measures for rapid calculation. 
2.2.1 Gradient method 
In the CT calculation, arbitrary concentration and temperature distributions having the coefficient sets of {𝑎𝑎𝑙𝑙𝑚𝑚} 
and {𝑏𝑏𝑙𝑙𝑚𝑚} are given as initial ones, then updated iteratively until the square error is minimized. To achieve the 
minimum square error as rapidly as possible, the distributions are updated so that the square error is decreased 
in the manner of the gradient method, i.e., they are changed to follow the steepest descent direction in the 𝐸𝐸 
with respect to {𝑎𝑎𝑙𝑙𝑚𝑚} and {𝑏𝑏𝑙𝑙𝑚𝑚}, 
𝑎𝑎𝑙𝑙𝑚𝑚 ∶= 𝑎𝑎𝑙𝑙𝑚𝑚 − 𝜂𝜂
𝜕𝜕𝐸𝐸
𝜕𝜕𝑎𝑎𝑙𝑙𝑚𝑚
,  (7) 
𝑏𝑏𝑙𝑙𝑚𝑚 ∶= 𝑏𝑏𝑙𝑙𝑚𝑚 − 𝜂𝜂
𝜕𝜕𝐸𝐸
𝜕𝜕𝑏𝑏𝑙𝑙𝑚𝑚
,  (8) 
where 𝜂𝜂 is the constant called the learning rate. In this study, η = 1.0 × 10−4 was adopted. The outline of the 
procedure is summarized in Fig. 1. 
 
Fig. 1. Flow chart of CT calculation. 
 
2.2.2 Determination of initial distributions 
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The initial distributions are determined using the path averaged concentrations and temperatures calculated 
from the measured spectra. First, they were set as linear combinations [32] 
𝐶𝐶(𝑖𝑖𝑖𝑖𝑖𝑖)(𝑥𝑥,𝑦𝑦,𝑢𝑢�⃗ ) = �𝑢𝑢𝑘𝑘
𝑘𝑘
𝐶𝐶(𝑘𝑘)(𝑥𝑥,𝑦𝑦), (9) 
𝑇𝑇(𝑖𝑖𝑖𝑖𝑖𝑖)(𝑥𝑥,𝑦𝑦, ?⃗?𝑣) = �𝑣𝑣𝑘𝑘
𝑘𝑘
𝑇𝑇(𝑘𝑘)(𝑥𝑥,𝑦𝑦), (10) 
where 𝐶𝐶(𝑘𝑘)(𝑥𝑥,𝑦𝑦) , 𝑇𝑇(𝑘𝑘)(𝑥𝑥,𝑦𝑦)  are arbitrary distribution patterns (𝑘𝑘  is the index of the pattern), and 𝑢𝑢�⃗ =
(𝑢𝑢0,𝑢𝑢1,⋯ ), ?⃗?𝑣 = (𝑣𝑣0,𝑣𝑣1,⋯ ) are the weight coefficient vectors. Next, 𝑢𝑢�⃗  and ?⃗?𝑣 were determined to minimize the 
differences between the path averages 𝐶𝐶?̅?𝑝
(𝑖𝑖𝑖𝑖𝑖𝑖), 𝑇𝑇�𝑝𝑝
(𝑖𝑖𝑖𝑖𝑖𝑖) and the measured path averages 𝐶𝐶?̅?𝑝
(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚), 𝑇𝑇�𝑝𝑝
(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚), which 





Here 𝐶𝐶𝑝𝑝 is the length of path 𝑝𝑝. 
3. Experimental setup 
The schematic of the CT-TDLAS measurement system is shown in Fig. 2. Distributed feedback laser diodes 
(DFB-LDs) at 1628 nm and 1654 nm (NTT Electronics Co., NLK1U5EAAA) were employed as the laser 
sources. Their wavelengths were scanned by driving current modulation around the CH4 absorption wave-
lengths of 1628.1 nm and 1653.7 nm. Continuous saw tooth waveforms with a frequency of 0.5 kHz were used 
for the modulation. The two modulation signals were synchronized but their directions of the current variation 
were opposite with each other. The two laser beams were combined by a fiber combiner, and separated into 32 
paths by a fiber splitter, then injected into the 32-laser-path cell through collimators. The collimators were 
placed in four different directions of the cell at 45° intervals. The injected laser beams passed through the 
measured area, and were detected by 32 photodiodes (PDs, Hamamatsu, G12180-010SPL). The detected signals 
were stored by a recording system (National Instruments, cRIO-9035) with sampling rate of 500 kHz. The 
structures of the chamber are shown in Figs. 3 (a), (b). The chamber has five ports on the top of the upper lid. 
The center port was for attaching a pressure gauge, and the other four were gas inlet ports that were located 
with cyclic symmetry on a circle of 60 mm-diameter. Figure 3 (b) shows the 32-laser-path cell installed in the 
chamber together with the susceptor which was placed at the bottom of the measured area. The cell was sand-
wiched by upper and lower panels of the chamber via O-rings. The measured area was inside the center circle 
whose diameter was 100 mm. The area was surrounded by a silica crystal ring. Thirty-two collimators and PDs 
were attached around the cell and the 32 laser-paths were intersected in the measured area. The vertical distance 
between the laser path and the upper surface of the susceptor was about 1 mm or less. The main body of the 
susceptor was made of poly-ether-ether-ketone (PEEK) for heat insulation. Four aluminum heater blocks were 
embedded in the susceptor, and their temperatures were independently regulated. Four gas exhaust holes were 
also laid between the heater blocks and just under the four inlet ports. The centers of the heater blocks and the 
exhaust ports were configured on the same circle of 60 mm-diameter. 
The gas flow system is illustrated in Fig 4. CH4 diluted by nitrogen (N2) was introduced into the chamber, 
and the flow rate was controlled by mass flow controllers placed in the upstream of the chamber. The pressure 
in the chamber was regulated at 101.3 kPa by a back pressure regulator. The cables for thermocouples and 
heaters for regulating the heater blocks passed through an exhaust pipe below the chamber, and were extracted 
through cable extraction ports in order to seal off the inside the pipe. 
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Fig. 2 Schematic of CT-TDLAS measurement system. 
 
   
 (a)  
   
(b) 
Fig. 3 (a) Structure of the chamber. (b) 32-laser-path cell. Numbers and arrows indicate path number and laser beam directions, respectively 







Fig. 4 Gas flow system of the chamber. 
 
4. Reproducibility and limitation of the CT reconstruction 
CH4 concentration and temperature distributions for various flow rates were simulated with the CFD (FloFED, 
Mentor Graphics). The conditions of CH4 flow rates are listed in Table 1, and CH4 concentrations injected from 


































� + 𝐻𝐻. (14) 
These equations determine the behavior of 𝜕𝜕 (density), 𝑢𝑢 (velocity), 𝑝𝑝, and 𝑇𝑇 of CH4. Here, 𝜇𝜇 is the viscosity 
coefficient, 𝑔𝑔 is the gravity, 𝛽𝛽 is the thermal expansion coefficient, 𝑇𝑇0 is the initial temperature, 𝐶𝐶𝑝𝑝 is the heat 
capacity, 𝜅𝜅 is the heat conductivity, 𝐻𝐻 is the enthalpy. Indices 𝑖𝑖1, 𝑖𝑖2 = 1, 2, 3 correspond to 𝑥𝑥,𝑦𝑦, 𝑧𝑧 components. 
This simulation was made under the assumption that the inner wall was no-slip and the thermal radiation effect 
was negligible [35]. The results are shown in Fig. 6. In all simulated distributions, high concentrations around 
the port 0 and high temperatures around the block 0 were obtained. When comparing the concentrations of 
condition 1, 2, and 3, the high concentration area became larger in the order of 1→2→3. On the other hand, 
when comparing the concentrations of condition 1, 4, and 5, the area became smaller in the order of 1→4→5. 
The reasons of these behaviors are that small (large) flow rates of ports 1-3 enhanced (disturbed) the spread of 
high concentration CH4 injected from port 0. The temperature distributions were almost the same throughout 
all conditions, and independent of the concentration distribution variations.  
Next, the spectra of the 32 paths for the simulated distributions were calculated using Eq. (5). Based on the 
spectra, the concentration and temperature distributions were reconstructed with the CT calculation. The recon-
structed distributions are shown in Fig. 7. The CT reconstructed the overall characteristics of the CFD distribu-
tions. However, the reconstruction of concentration distributions in condition 4 and 5 looks poor especially 
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around the port 0. To quantitatively evaluate the similarities between the simulated and reconstructed distribu-
tions, the sum of squared difference (SSD) and the zero-mean normalized cross-correlation (ZNCC) were cal-













 . (15) 
Here 𝑋𝑋𝑖𝑖1𝑖𝑖2 is the concentration or temperature at each grid, 𝑋𝑋𝑚𝑚𝑚𝑚𝑥𝑥 is the maximum values in the CFD distribu-
tion, 𝑁𝑁1 and 𝑁𝑁2 are the total numbers of meshes along the x- and y-axis set in the measured area, respectively. 
If the SSD is close to “0”, the two patterns can be considered as almost the same. The ZNCC is defined as 
𝑍𝑍𝑁𝑁𝐶𝐶𝐶𝐶 =


























If the ZNCC is close to “1”, the correlation between the two is high, and they can be considered as almost the 
same. In this evaluation, the measured area were discretized by 2.5 mm mesh along the x- and y-axis. The total 
number of meshed grid (= 𝑁𝑁1𝑁𝑁2) was 1257. The calculated SSDs and ZNCCs are shown in Table 2. As good 
SSDs of lower than 0.05 were obtained for all distributions, the CT are considered to reconstruct the overall 
behavior of the CFD results well. However, although good ZNCCs were obtained for the temperature distribu-
tions in all conditions (more than 0.96) and for the concentration distributions in condition 1, 2, and 3 (around 
0.94), the values became remarkably worse for the concentration distributions in condition 4 and 5. For a more 
detailed analysis, the probability distributions of x- and y-direction curvatures were calculated. The x- and y-






𝐶𝐶(𝑥𝑥,𝑦𝑦) at each grid, respectively. 
The probability distributions of the curvature for the concentrations of the CFD and the CT in condition 3 that 
showed the best ZNCC and condition 5 that showed the worst were plotted in Fig. 8. Here, the probability 
means the ratio of grid number belonging to each class of curvature to the total grid number. The CFD has 
almost no probability of more than 0.01% ∙ 𝑚𝑚𝑚𝑚−2 in condition 3, but it has some probabilities of the curvature 
in condition 5. The origin of the large curvatures in condition 5 is the local concentration peak around the port 
0. On the other hand, the CT has no probability of the curvature in both conditions. Namely, the limitation that 
the CT cannot reconstruct the local peaks having large curvature of more than 0.01% ∙ 𝑚𝑚𝑚𝑚−2 caused the bad 
ZNCCs in condition 4 and 5. The reason why the CT cannot reconstruct such local peaks is that the minimum 
spatial resolution is 20 mm in the configuration having 32 laser paths in the circle of 100 mm-diameter [34]. 
The spatial resolution can be improved if the path number increases. However, as the CT can reconstruct the 
overall behaviors of distribution when the flow rates were varied, the control of the distributions in the semi-




Table 1  Settings of CH4 flow rate (slm). 
Condition Port 0 Port 1 Port 2 Port 3 
1 0.20 0.20 0.20 0.20 
2 0.20 0.10 0.20 0.20 
3 0.20 0.10 0.10 0.10 
4 0.20 0.40 0.20 0.20 




Fig. 5 Settings of CH4 concentration (left) and heater block temperature (right). 
 
 
Fig. 6 CFD simulated distributions. 
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Table 2  SSD and ZNCC of the reconstructed distributions. 
Condition 
SSD ZNCC 
Concentration Temperature Concentration Temperature 
1 0.029 0.043 0.936 0.969 
2 0.029 0.047 0.945 0.963 
3 0.032 0.047 0.948 0.962 
4 0.036 0.045 0.917 0.967 




Fig. 8 Probability distributions of the concentration curvatures. The probability is the ratio of grid number belonging to each curvature class to 
the total grid number. 
5. Experimental results and discussions 
CH4 concentration and temperature distributions in the chamber were measured with the CT-TDLAS under the 
conditions listed in Fig. 5 and Table 1. The measured results are shown in Fig. 9. High concentrations around 
the port 0 and high temperatures around the block 0 were observed. The results also showed the behaviors that 
the high concentration area became larger in the order of 1→2→3 and became smaller in the order of 1→4→5 
as seen in the CFD. They indicate that the concentration distribution can be controlled by measuring it with the 
CT-TDLAS and adjusting the flow rates. Due to the spatial resolution limit, controlling local concentration 
peaks having large curvature of more than 0.01% ∙ 𝑚𝑚𝑚𝑚−2 is impossible. However, control to improve concen-
tration uniformity over wafers is considered to be available. Although the relationship between the flow rates 
and measured concentration distributions showed similar behavior to that of the CFD, the overall levels of 
measured concentrations in all conditions were higher than the CFD. The reason is that the vacuum powers of 
the exhaust ports were weaker than considered in the CFD due to the flow impedance originated from the 
downstream pipe structure [34]. Whereas, the measured temperature distributions were almost the same regard-
less of the variations of the concentration distribution as seen in the CFD. Therefore, CH4 temperature distribu-
tion over the susceptor can be controlled by adjusting the heater block temperatures in the susceptor, independ-
ent of the concentration distribution. 
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Fig. 9 Measured distributions with CT-TDLAS. 
6. Conclusions 
In this work, we investigated the feasibility to control the gas concentration and temperature distributions in the 
semiconductor chamber with the CT-TDLAS. First, the distributions for various CH4 flow rates under fixing 
the concentrations injected from the inlet ports and the susceptor temperature were simulated with the CFD. 
The results indicated the possibility that the concentration distribution is varied by changing the flow rates. 
They also suggested that the temperature distribution is not influenced by the variations of the concentration 
distribution. Next, the distributions were reconstructed with CT based on the spectra calculated from the simu-
lated distributions. The CT well reconstructed the overall behavior of the simulated distributions. However, the 
reproducibility became worse for the distribution having large concentration curvature of more than 0.01% ∙
𝑚𝑚𝑚𝑚−2. Finally, CH4 was streamed into the chamber under fixed conditions of the concentration injected from 
inlet ports and susceptor temperature, and the concentration and temperature distributions were measured with 
the CT-TDLAS. The concentration distributions were varied by changing the flow rates. Therefore, the concen-
tration distribution can be controlled by measuring it with the CT-TDLAS and adjusting the flow rates. However, 
the controlling the distribution having large concentration curvature of more than 0.01% ∙ 𝑚𝑚𝑚𝑚−2 is impossible. 
As the measured temperature distributions were not influenced by the variations of the concentration distribu-
tion, it can be controlled just by adjusting the heater block temperatures in the susceptor. 
 12 
Throughout this work, the feasibility to control the concentration and temperature distributions in the cham-
ber can be confirmed. The CT-TDLAS measurement and control contribute to improve semiconductor wafer 
process quality. 
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